We describe a chemotactic-like response of Escherichia coli strains lacking most of the known chemotaxis machinery but containing high levels of the response regulator CheY. The bacteria accumulated in aspartate-containing capillaries, they formed rings on tryptone-containing semisolid agar, and the probability of counterclockwise flagellar rotation transiently increased in response to stimulation with aspartate (10 ¹10 -10 ¹5 M; the response was inverted at > 10 ¹4 M). The temporal response was partial and delayed, as was the response of a control wild-type strain having a high CheY level. ␣-Methyl-DL-aspartate, a non-metabolizable analogue of aspartate as well as other known attractants of E. Coli, glucose and, to a lesser extent, galactose, maltose and serine caused a similar response. So did low concentrations of acetate and benzoate (which, at higher concentrations, act as repellents for wild-type E. coli ). Other tested repellents such as indole, Ni 2þ and Co 2þ increased the clockwise bias. These observations raise the possibility that, at least when the conventional signal transduction components are missing, a non-conventional chemotactic signal transduction pathway might be functional in E. coli. Potential molecular mechanisms are discussed.
Introduction
The signal transduction system of bacterial chemotaxis belongs to the highly abundant family of two-component regulatory systems (Wurgler-Murphy and Saito, 1997) , each composed of a sensor and a response regulator (Ninfa, 1991; Parkinson and Kofoid, 1992) . The swimming of bacteria towards attractants and away from repellents is controlled by an information processing system that translates changes in the concentrations of chemoeffectors in the environment into a cytoplasmic signal that modulates the direction of flagellar rotation and, consequently, the swimming behaviour of the cells (Larsen et al., 1974; Silverman and Simon, 1974 ). An important tool in revealing the mechanism of chemotaxis in bacteria has been the use of mutants missing one or more of the chemotaxis proteins involved in signal transduction. As a result of the missing protein(s), these mutants cannot respond to chemotactic stimuli in chemotaxis assays, and most of them have an extremely biased flagellar rotation (Bray et al., 1993) .
It has been known for some time that null mutations in the histidine kinase of some two-component systems of Escherichia coli, for example PhoR/PhoB (Lee et al., 1990; Wanner and Wilmes-Riesenberg, 1992) , NtrB/ NtrC (Feng et al., 1992) and EnvZ/OmpR (Forst et al., 1988; Forst et al., 1989; McCleary and Stock, 1994) , do not result in loss of function. This finding suggested that, in each of these systems, there might be cross-regulation with another system or an additional (yet unidentified) signal transduction pathway (Wanner, 1995) . Such a phenomenon has not been observed in bacterial chemotaxis. However, the occurrence of this phenomenon in other two-component regulatory systems taken together with the common knowledge that extremely biased flagellar rotation per se can result in a non-chemotactic phenotype raises the question whether the extreme bias of null chemotaxis mutants may be a cause of their lack of response in chemotaxis assays. Flagellar rotation can be made less counterclockwise (CCW) biased by intracellular overproduction of the response regulator CheY (Clegg and Koshland, 1984; Wolfe et al., 1987) . Here, we demonstrate that null chemotaxis mutants, made less CCW biased in this manner, exhibit a chemotactic-like response to chemoeffectors. On the basis of these observations, we suggest that, similar to some other two-component systems of E. coli, there might be either crosstalk between the chemotaxis system and another signal transduction system(s), or a non-conventional chemotactic signal transduction pathway that is functional at least when the conventional signal transduction cannot operate.
receptors (Parkinson and Houts, 1982; Wolfe et al., 1987) . These gutted strains, which lack the entire conventional chemotaxis system, rotate their flagella exclusively CCW (Parkinson and Houts, 1982; Wolfe et al., 1987) , which is the default direction of rotation (for a review, see Eisenbach, 1996) . Initially, we used strains in a background of RP1091 (Table 1) , which contains a deletion from cheA to cheZ and generates a CheA/Z fusion protein (Kuo and Koshland, 1987; . Later, when strain RBB1050, which does not contain the fusion protein or any other known chemotaxis proteins (Table 1) , became available, we repeated the key experiments in this background and continued working with it thereafter.
We shifted the rotation of the gutted strain cells to be less CCW biased by introducing the plasmid pRL22⌬PvuII, which is under the control of the tryptophan promoter, for CheY overproduction (strains EW59 and EW104; Table 1 ). The plasmid produces large quantities of CheY with and without induction (Ϸ 12-fold and Ϸ fourfold higher than the wild-type level of CheY respectively; Kuo and Koshland, 1987; Wolfe et al., 1987) . We worked without induction so as to avoid formation of filamentous cells (Clegg and Koshland, 1984) . The CCW bias of these cells varied from batch to batch and usually was around 60% under these conditions (i.e. the cells spent, on average, Ϸ 60% of their time in the CCW direction). The variation from batch to batch, which did not affect significantly the response, was probably due to the fact that trp-cheY expression is hard to control (Kuo and Koshland, 1987) .
We examined these CheY-containing gutted cells (abbreviated hereafter as 'Y þ -gutted cells') in capillary assays (Adler, 1973) , in swarm assays on semisolid agar plates containing metabolizable attractants (Adler, 1966) , and in temporal assays of tethered cells (Larsen et al., 1974; Silverman and Simon, 1974) .
Y
þ -gutted cells accumulate in aspartate-containing capillaries As shown in Fig. 1(A) , Y þ -gutted cells (strain EW59) accumulated in capillaries containing aspartate (a potent attractant for wild-type E. coli; Mesibov and Adler, 1972) , with a peak response at 10 ¹6 M aspartate (in some experiments the peak was at 10 ¹5 -10 ¹4 M). [No accumulation was observed when, as a control, aspartate was present in both the capillary and the well. Under these conditions, in the absence of a chemical gradient of aspartate, the number of bacteria found in the capillaries at each aspartate concentration was similar to that found in the control, buffer-containing capillaries (data not shown).] For comparison, the peak response of the wild-type parent, RP437, was at 10 ¹3 -10 ¹2 M aspartate (Fig. 1A) , in accordance with earlier observations (Adler, 1973) . The relative magnitude (i.e. the ratio between the peak and control accumulations) of the response of the Y þ -gutted strain was about one-half that of its wild-type parent RP437. In the absence of intracellular CheY, no accumulation was observed (Fig. 1A) . Thus, the response of the Y þ -gutted cheA /Z fusion (pJH120) strain appears to be more sensitive, yet smaller, when compared with its wild-type parent RP437. Similar results were obtained in the background of strain RBB1050, i.e. in the Y þ -gutted strain EW104 which does not contain the fusion protein and in which the deletion of the chemotaxis genes, including those that encode four of the major chemotaxis receptors, is complete (Fig. 1B) . A non-metabolizable analogue of aspartate, ␣-methyl-DL-aspartate (␣-MA) (Mesibov and Adler, 1972) , also caused bacteria to accumulate to about the same extent as to aspartate (Fig. 1C) ; the sensitivity, however, was reduced.
Dependence of the response on the intracellular CheY level
To study the effect of CheY induction on the accumulation of cells in aspartate-containing capillaries, we used strains containing pJH120, a CheY-producing plasmid under the control of the arabinose promoter. In such strains (unlike strains containing the plasmid pRL22⌬PvuII), the level of CheY produced without induction is relatively low ( Fig. 2 ; Wolfe et al., 1987) . Even when induced with arabinose, the level of CheY was lower than that in noninduced, pRL22⌬Pvu II-containing strains (Fig. 2) . Nevertheless, accumulation was observed (strain HCB465, Fig. 1D ). However, although the magnitude of the accumulation was similar in the Y þ -gutted strains HCB465 (under the control of the arabinose promoter) and EW59 (under the control of the tryptophan promoter), the sensitivity of the response was lower in HCB465 ( Fig. 1D  compared with A) . The response of strain HCB465 was apparent only in batches of cells that had high frequency of tumbling, suggesting that the cells must contain a relatively high level of CheY in order to respond. Without induction by arabinose, no response was observed (Fig.  1D) . Results obtained with a Y þ -gutted strain EW68 (Table 1) in which CheY was expressed under control of the arabinose promoter, but in another background, were similar to those obtained with strain HCB465 (data not shown). 
Y
þ -gutted strains form expanding rings on semisolid agar Swarm assays are usually carried out with 0.3% or 0.2% agar in tryptone broth (TB). Y þ -gutted cells (strain EW59) failed to form rings on 0.3% agar even after 28 h of incubation (Fig. 3A) . On 0.2% agar, the swarming of the Y þ -gutted strain was larger, and two diffuse rings at the swarm edge could be observed as had been reported earlier (Wolfe and Berg, 1989 ) (data not shown). To distinguish the rings better, we further reduced the agar concentration to 0.15% or 0.12%, and the tryptone concentration from 1% to 0.5%. Under these conditions, two distinct rings formed within 22 h (Fig. 3B ). The rings continued to expand slowly for Ϸ 10 h. Under the same conditions, the wild-type parent (strain RP437) formed as many as five rings within 4 h ( Fig. 3C ), whereas RP1091 -the parent gutted strain with no CheY -formed no rings at all (Fig. 3D ). To confirm that the appearance of rings in Y þ -gutted strains is not strain dependent, we also examined the swarming of EW104. This strain formed similar rings to those observed with EW59 ( Fig. 3E) . In a minimal medium supplemented with glycerol and 1-5 × 10 ¹5 M aspartate, a single ring was formed by strain EW59 after Ϸ 42 h. The ring was irregular in shape, probably as a consequence of the very slow ring expansion. In lower or higher aspartate concentrations, as well as in its complete absence, no ring was formed (not shown).
The slow swarming appears to be a by-product of the high CheY level
To determine whether the cause of the slow swarming observed in Fig. 3 (B and E compared with C) is the absence of chemotaxis proteins or too high a level of CheY (high CheY levels are known to interfere with chemotaxis; Clegg and Koshland, 1984) , we transferred the plasmid pRL22⌬Pvu II into the wild-type parent deleted for CheY (strain RP5232). This transformant (strain EW127, Table 1 ) is denoted hereafter as a WT-Y þ strain, a wildtype strain with a CheY level similar to that of EW59 which is the Y þ -gutted strain used above. As shown in Fig. 3 , the WT-Y þ strain (Fig. 3F ), in spite of having a complete chemotaxis system, behaved similarly to the Y þ -gutted strains EW59 ( Fig. 3B ) and EW104 (Fig. 3E) . In all the three strains, rings were first observed only after Ն 22 h. The swarming rate of the WT-Y þ strain was even somewhat slower than the swarming rates of the Y þ -gutted strains. These observations suggest that, although CheY is required for the response of a gutted strain to aspartate, a side product of the high intracellular CheY level is a slow rate of ring formation.
Tethered cells of a Y
þ -gutted strain respond to aspartate As shown in Fig. 4 EW59) responded to aspartate by changing their rotational bias. A small increase in the probability of CCW rotation of the cells was observed already at an aspartate concentration as low as 10 ¹10 M (Fig. 4A ), three orders of magnitude lower than the threshold for aspartate of wild-type cells [10 ¹7 M in RP437 (data not shown)]. As many as 23% of the cells responded at this concentration (Table  2) , but the extent of the response was small. The cells responded, by increased probability of CCW rotation, up to 10 ¹5 M aspartate, in which maximal magnitude of response was observed (Fig. 4F) . The large magnitude of the response at this concentration was mainly due to a larger change in the bias of the responding cells, not due to a larger fraction of responding cells (Table 2 ). The trend of the response in the Y þ -gutted cells changed at 10 ¹4 M aspartate, at which concentration some cells responded by a decrease rather than increase in the probability of CCW rotation; others still responded by increasing the CCW probability. Consequently, the average response was very small (Fig. 4G ).
At concentrations higher than 10
¹4 M aspartate, the fraction of cells that responded by lowering the probability of CCW rotation further increased. At 10 ¹2 M aspartate, 83% of the responding cells lowered their probability of CCW rotation (Table 2) , resulting in significant net decrease in the bias (Fig. 4I) . The parental gutted strain RP1091 did not respond to aspartate [examined, as a control, at 10 ¹5 (data not shown) and 10 ¹2 M (Fig. 5A) ]. As shown in Fig. 4 , the Y þ -gutted cells of strain EW59 appeared to adapt to aspartate after a few minutes. The time at which this apparent adaptation commenced was concentration dependent and varied from cell to cell: some cells appeared to adapt within 1-3 min, others (Table 2) did not adapt at all within the observation period of 16 min.
Here, too, we confirmed that the results are not strain dependent by studying the Y þ -gutted strain EW104. The response of this strain to 10 ¹5 M aspartate (Fig. 5B ) was similar to that of strain EW59 (Fig. 4F) . A plot of the rotational states of a typical tethered EW104 cell before and after stimulation with 10 ¹5 M aspartate is shown in Fig. 6 . The delay in the response appears to be a by-product of the high CheY level
Unlike the response of wild-type cells to aspartate (Fig.  5C ), the average response of Y þ -gutted cells was delayed and incomplete (Fig. 4) . Moreover, the change in the direction of rotation was, in most cases, not abrupt but gradual. As shown in time was relatively long (Table 2 ). This property raised the possibility that aspartate has to be processed (e.g. transported or metabolized) in order to yield a response, or that the overproduction of CheY is the cause of the delay.
To examine the possibility of a requirement for metabolism, we used the non-metabolizable analogue of aspartate, ␣-MA. At the two concentrations studied, 10 ¹5 and 10 ¹2 M, ␣-MA caused responses similar to those of aspartate at the same two concentrations, except that the delay of the inverted response at 10 ¹2 M was longer (data not shown). This result suggests, in agreement with the observations made in capillary assays (Fig. 1C) , that the response to aspartate is metabolism independent; however, additional experiments are required for establishing beyond any doubt whether or not metabolism is involved.
[It should be noted that it is highly unlikely that the response to ␣-MA was due to aspartate contamination. We found that any impurity, if present, was below the detection level of 0.1% (see Experimental procedures). ␣-MA at 10 ¹2 M caused an inverted response. At such ␣-MA concentration, a contamination of Յ 0.1% aspartate would be equivalent to Յ 10 ¹5 M. The response to such a low concentration of aspartate is an increased CCW bias (Fig. 4 and Table 2), not an inverted response.]
To examine the possibility that CheY overproduction is a cause of the delay, we studied the WT-Y þ strain (EW127) mentioned above. As expected for a wild-type strain, these cells responded to 10 ¹2 M aspartate by increasing their probability of CCW rotation (Fig. 5D) , unlike Y þ -gutted cells, which had an inverted response at this concentration (Fig. 4I) . However, the response of both strains to aspartate at this concentration was similarly delayed (2.1-2.4 min average response delay time). In the WT-Y þ strain, the response was also partial (Ϸ 80% of the cells responded, on average), although larger than in Y þ -gutted cells (Ϸ 53%; Table 2 ). This observation suggests that, as in the case of ring formation in swarm assays, the high intracellular level of CheY is responsible for the observed delay. It thus appears that the elevated CheY level has two apparently conflicting consequences: on the one hand, a high CheY level is required to change the bias so that a response can be observed; in contrast, the high level of CheY results in slow swarming and in a delayed temporal response.
Generality of the phenomenon
To determine whether the response to aspartate is unique or whether other known chemotactic stimuli can also elicit a similar response, we examined the response of tethered EW104 cells to various known attractants and repellents. All of the compounds tested were studied at a concentration of 10 ¹5 M, at which the maximal response to aspartate had been observed (Fig. 4) . In cases of no response at 10 ¹5 M, higher concentrations were tested as well. As shown in Table 3 , a response was obtained with a number of known attractants for E. coli (Mesibov and Adler, 1972; Adler et al., 1973) . The largest response was to glucose, similar to the response to aspartate. The response to other attractants was lower, but this could be a result of non-optimal concentrations of the attractants. Interestingly, even benzoate and acetate, which are repellents for wild-type E. coli , increased the probability of CCW rotation at 10 ¹5 M. [At millimolar concentrations, benzoate (Montrone et al., 1996) and acetate (Wolfe et al., 1988) decrease the probability of CCW rotation in Y þ -gutted strains.] The other repellents tested, indole, Ni 2þ and Co 2þ , produced almost no response at 10 ¹5 M but, at the higher concentrations tested, they decreased the probability of CCW rotation. These results suggest that the response of Y þ -gutted cells is not restricted to aspartate.
Discussion
In this study, we found a chemotactic-like response of rotation in response to temporal changes in the concentrations of chemoeffectors. However, the response was partial and delayed. Below, we examine potential interpretations of the phenomenon and, by way of elimination, we suggest that a signal transduction pathway, additional to the conventional pathway, might be involved in chemotaxis of E. coli.
Potential interpretations of the phenomenon (a) Speed enhancement (chemokinesis) is one of the mechanisms by which some bacteria respond to chemotactic stimuli (Armitage and Schmitt, 1997) . This mechanism cannot underlie the phenomenon observed in this study because, as evident from the experiments with gradient-less, aspartate-containing capillaries, the bacteria do not appear to modulate their swimming speed in an attractant-containing medium. Furthermore, chemokinesis cannot account for changes in the direction of flagellar rotation and for formation of rings on semisolid agar. (b) Pseudotaxis is a term assigned to expansion of a nonchemotactic colony on semisolid agar as a result of interim CCW/clockwise (CW) bias of flagellar rotation (Ames et al., 1996) . However, this mechanism cannot underlie ring formation on semisolid agar and is non-applicable to capillary and temporal assays. (c) E. coli cells are known to form, under certain conditions, a variety of patterns on semisolid agar resulting from cell-cell communication (Budrene and Berg, 1991) . However, such communication does require the known chemotaxis proteins (Blat and Eisenbach, 1995; Budrene and Berg, 1991) . Furthermore, according to models of pattern formation, continuous expansion of the rings is not possible without self-generated chemosignalling (longrange repulsion and short-range attraction) (Ben-Jacob et al., 1995; . (d) Osmotaxis is a process that, in temporal assays, appears to occur even in gutted strains (Li et al., 1988) . However, E. coli cells respond osmotactically only to high stimulus concentrations, Ն200 mosM (Li and Adler, 1993) . The osmotic shifts in our temporal assays were orders of magnitude lower.
These considerations, taken together with the positive results obtained in three independent assays for bacterial chemotaxis, suggest that the phenomenon observed in this study is a chemotactic-like response, carried out by a non-conventional signal transduction pathway. Below, we compare chemotactic-like response of Y þ -gutted cells with the chemotactic response of wild-type cells, and we discuss its potential molecular mechanism.
Comparison between the characteristics of the responses of wild-type and Y þ -gutted cells Y þ -gutted cells appear to be similar to wild-type cells in that they respond to aspartate in chemotaxis assays ᮊ 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 1125-1137 a. This total number of rotating cells was set to 100%. Cells not included in the third or fourth column did not respond to the indicated stimulus. The bacteria used in these experiments were grown in LB. b. Cells were considered as responders only if their bias changed by at least 50% in response to stimuli. For this reason, the fraction of responding cells probably has been underestimated (see legend to Table 2 ). The results were pooled for at least two separate experiments for each stimulus. c. Mean Ϯ s.d. The response delay time was measured as described in the legend to Table 2 , and it may therefore be overestimated.
and in that the response involves both excitation and adaptation. There are, however, a number of significant differences.
(a) The concentrations of aspartate to which Y þ -gutted cells respond appear to be lower by two or three orders of magnitude (Figs 1 and 4 and related text) . (b) The magnitude of this response, as reflected in the number of the responsive cells (Ϸ 50-60%, Table 2 ) and in the number of cells accumulating in capillaries (Fig.  1A) , is lower. (c) The average response of Y þ -gutted cells is delayed (although a fraction of the cells do respond instantaneously) and the swarming rate on semisolid agar is slower (Table 2 and Table 2 ). It is reasonable that this inverted response is the consequence of a process that is masked by the strong chemotactic response to aspartate in cells wild type for chemotaxis.
Earlier observations of similar phenomena
Are there other published observations that resemble the phenomenon described in this study? The answer appears to be affirmative because responses of gutted strains or other non-chemotactic mutants to chemotactic stimuli have been reported. These reports, both positive and negative, are summarized below. (a) In accordance with Fig. 3 , formation of two faint rings by a Y þ -gutted strain on a 0.2% agar TB plate was reported by Wolfe and Berg (1989). (b) In agreement with Table 3 , A. J. Wolfe (personal communication) found that the gutted strain HCB437 that overexpresses CheY responds to galactose by increasing CCW rotation. (c) Wolfe et al. (1987) did not find a response of tethered cells of a Y þ -gutted strain to 10 ¹4 M aspartate. This finding is in agreement with our observation that the net response to aspartate at this concentration is zero (Fig. 4G) Clegg and Koshland (1984) found no response of tethered Y þ -gutted cells to serine (the serine concentration was not mentioned). (e) CW shifts of flagellar rotation were reported to be triggered in Y þ -gutted strains by an acid pH shift (Wolfe et al., 1987) and by millimolar concentrations of the repellents acetate (Wolfe et al., 1988) , indole and benzoate (Montrone et al., 1996) . We have obtained similar results with indole (Table 3 ) and acetate (Barak et al., 1998) . (f) Delayed CW shifts in these strains were also observed in response to a high concentration (100 mM) of compounds that are metabolized to acetate-aspartate, lactate, propionate, citrate, malate and succinate (Wolfe et al., 1988) . This result is in agreement with our observations at aspartate concentrations > 10 ¹4 M (Fig. 4) . (g) Cells of a double mutant, cheB cheR, were found by Stock et al. (1985a) and Chasalow et al. ( unpublished observations cited by Weis and Koshland, 1988) to accumulate (though in small numbers) in capillaries containing low aspartate concentrations (for a review, see Eisenbach, 1991) . In tethering experiments, a response of such a mutant to aspartate was found, albeit with incomplete adaptation (Stock et al., 1985b; Segall et al., 1986; Weis et al., 1990) . Unlike in Y þ -gutted cells, the response times of the cheB cheR mutant were similar to those of wild-type cells; however, the CheY level in this mutant was normal. On semisolid agar, the swarming rate of the mutant was, as in Fig. 3 , much lower than the wild-type swarming rate, but, unlike in Fig. 3 , only one band at the edge was observed possibly due to the higher agar concentration (Stock et al., 1985b; Wolfe and Berg, 1989) . It thus appears that various aspects of the phenomenon described in this study have been observed, in one form or another, in other studies.
Molecular mechanism of the response
What is the molecular mechanism of the response? Although this question cannot be answered in the absence of information on the components and reactions involved, a testable working hypothesis can be put forward.
The components involved. At this stage, the molecular components that participate in the response are not known. None of the major four MCP receptors and, except for CheY, none of the known Che proteins appear to be required for the response. CheY seems to be required at a relatively high concentration. It is not known whether it is required only for shifting the bias of flagellar rotation away from exclusively CCW, or whether it also participates in the signalling itself. Whatever the role of CheY is, it is likely that, in wild-type cells having a physiological level of CheY, the response occurs in the shorter time scale typical of a normal chemotactic response.
Are the components involved in the putative, non-conventional signal-transduction pathway homologous to those of the conventional pathway? Recently, Hamblin et al. (1997) demonstrated that Rhodobacter sphaeroides has two chemosensory pathways, encoded by homologous genes (cheY, cheA, cheW, cheR, cheB and others) on two chemotaxis operons. This cannot be the case in E. coli, in which the complete sequence of the genome is known (Blattner et al., 1997) . It thus appears that the components involved in the putative signal transduction pathway are not homologous to those involved in the conventional pathway.
Receptors. In the absence of known chemotaxis receptors, the chemotactic-like responses could be mediated by the substrate-recognition components of the appropriate transport systems. These receptors appear to be good candidates for the following reasons. (a) Most of these transport systems are multifunctional (Ames, 1986) . (b) Most, if not all, of the chemoeffectors found in this study to elicit a chemotactic-like response are recognized by one or more transport systems. For example, four systems for the transport of aspartate are known in E. coli (Schellenberg and Furlong, 1977) . ␣-MA is recognized by at least one of these systems (Kay, 1971) . (c) The affinities of many of the transport systems for their specific substrates are very high. For example, the K m values for histidine and maltose transport are 10 ¹8 M and 10 ¹6 M respectively (Ames, 1986) . Three of the aspartate transport systems in E. coli have K m values of 5 × 10 ¹7 M, 3.5 × 10 ¹6 M, and 4 × 10 ¹6 M (Kay, 1971; Schellenberg and Furlong, 1977) , which fit well within the concentration range of the chemotactic-like response to aspartate (Figs 1 and 4) .
Excitation. From the non-conventional chemoreceptors discussed above, two pathways may be imagined for propagation of the signal. (a) The signal might be transduced to CheY by crosstalk with a histidine kinase of another two-component regulatory system (Ninfa et al., 1988; Wanner, 1992) or by modulating the level of a small phosphodonor such as acetyl phosphate. Acetyl phosphate was shown to be involved in signal transduction of other two-component regulatory systems when the histidine kinase is missing (McCleary et al., 1993) . (b) CheY may not be involved, and the regulation of the direction of flagellar rotation may be carried out by fumarate. Fumarate was shown to decrease the CCW bias of flagellar rotation by direct interaction with the switchmotor complex (Montrone et al., 1998; Prasad et al., 1998) . Furthermore, the repellents indole and benzoate were shown to inhibit reversibly the enzyme fumarase and consequently to increase the fumarate level in the cell and decrease the CCW bias (Montrone et al., 1996) . Accordingly, one possibility is that the enzymes that control the fumarate level in the cell (primarily fumarase and succinate dehydrogenase) might be regulated by the chemoeffectors that elicit a chemotactic-like response.
Adaptation. It was suggested that methylation-independent adaptation, observed for example in cheB cheR double mutants (Weis and Koshland, 1988 and references cited therein), involves the phosphatase CheZ (Blat and Eisenbach, 1996; Blat et al., 1998) . Our observation that Y þ -gutted cells, lacking CheZ and the methylation system, do adapt suggests that the adaptation mechanism here is different. It might be a mechanism specific to the non-conventional pathway or, if crosstalk is involved, it might involve the phosphatase of another two-component regulatory system.
Significance of the response
What is the physiological role of the proposed non-conventional pathway? Does it also function in strains wild type for chemotaxis? These questions can be asked within a larger context because they also apply to other two-component regulatory systems (e.g. the NtrB/NtrC, PhoR/PhoB and EnvZ/OmpR systems), in which a response that cannot be detected in wild-type cells can be detected in the absence of the cognate histidine kinase (McCleary et al., 1993) . The non-conventional pathway might be, in wildtype cells, a back-up system that detects low concentrations of stimuli under certain conditions, e.g. in stationary phase or under anaerobic conditions. It might also be a primitive mechanism which, during evolution, became masked by a better, more efficient system.
Experimental procedures

Materials
Both synthetic and isolated L-aspartate (from Calbiochem and Merck, respectively, > 99% pure) were used (one at a time). ␣-MA (> 99% pure) was purchased from Sigma. It was tested by us for purity by an amino-acid analyser and found to contain no contamination of aspartate or other amino acids (0.1% detection limit). D -Galactose and maltose were also from Sigma. L-Serine was from Calbiochem, D -glucose from Merck, indole and sodium acetate from Fluka, and benzoic acid, NiSO 4 and CoCl 2 from Analar. All the compounds were of the highest purity available.
Bacterial strains and growth conditions
The strains used in this study are listed in Table 1 . Bacteria were grown to OD 590nm ¼ 0.4 at 35ЊC in TB or, where indicated, in Luria broth (LB), each supplemented, when needed, with penicillin or with penicillin and 100 M arabinose. (It should be noted that the response of cells grown on LB was more consistent than that of cells grown on TB. Cells grown on minimal media did not respond to stimuli.) Cells were washed three times and resuspended in 10 mM potassium phosphate buffer (pH 7.0) containing 10 ¹4 M EDTA.
Chemotaxis assays
Capillary assays were carried out for 1 h at 35ЊC essentially as described by Adler (1973) . The number of bacteria accumulated in the capillaries was determined by plating the capillary content (after suitable dilution) on Luria agar supplemented, when needed, with penicillin.
Swarm assays on TB semisolid agar plates (containing, when needed, penicillin) were carried out at 35ЊC essentially as described by Adler (1966) . In some experiments (when indicated), the tryptone concentration was reduced to onehalf (0.5% w/v instead of 1%). The agar concentration was 0.12-0.30%, as indicated. In the case of plates containing 0.12-0.15% agar, the surface underlying the plates had to be prebalanced to avoid formation of spiral-like rings in the very soft agar. The incubation of the plates was carried out in a humid environment, i.e. in a closed box containing water at the bottom.
Flagellar rotation was assayed at room temperature (22-25ЊC) by the tethering technique (Silverman and Simon, 1974) as described previously (Ravid and Eisenbach, 1983) , using a flow chamber (Berg and Block, 1984) . Behaviour of the cells was recorded on videotape, and the recordings were analysed as follows. The direction of rotation of each spinning cell in the microscope field was determined in 30 s segments and placed into one of the following five categories: Ϸ 0%, Ϸ 25%, Ϸ 50%, Ϸ 75%, or Ϸ 100% of the time in CCW direction (the range of the categories was about Ϯ 12%). The rotational bias of the field was expressed as the mean percentage of CCW rotation of all cells spinning during each 30 s segment (excluding cells that got stuck before stimulus addition). A computerized motion analysis system (Galai, Migdal Haemek, Israel), obtained after the completion of the experiments, was used to re-analyse and confirm representative results calculated manually.
